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Summary 
Following endocytic uptake of acetylcholine (ACh), 
CHO fibroblasts exhibit Ca2+-dependent spontaneous 
quantal ACh release and depolarization-evoked ACh 
release, as detected by a whole-cell voltage-clamped 
myocyte in contact with the fibroblast. CHO fibroblasts 
transfected with synaptotagmin I, an integral mem- 
brane protein of synaptic vesicles, showed a reduced 
spontaneous quantal ACh release and an enhanced 
Ca2+-evoked ACh release, as compared with control 
cells. Biochemical and ultrastructural studies of endo- 
cytic activity using horseradish peroxidase as a marker 
further confirmed the inhibitory action of synaptotag- 
min I on spontaneous vesicular exocytosis and on ele- 
vated exocytosis induced by Ca 2÷, Through inhibition 
of exocytosis at the resting intracellular concentration 
of Ca 2+ and removal of the inhibition upon depolariza- 
tion-induced Ca 2+ entry, synaptotagmin I could en- 
hance the efficiency of excitation-secretion coupling. 
Introduction 
Neuronal communication depends on Ca2+-dependent ex- 
ocytosis of transmitter-containing synaptic vesicles (Katz, 
1969). The exocytotic event involves the fusion of the vesi- 
cle membrane and plasmalemma, a process that may de- 
pend on a set of proteins similar to those found for other 
membrane fusion events in nonneuronal cells (Bennett 
and Scheller, 1993; Novick and Jahn, 1994). However, 
transmitter secretion at the presynaptic nerve terminal is 
tightly regulated by the intracellular calcium concentration 
([Ca2+]i). At fast synapses, the delay between the arrival 
of the action potential and the release of transmitters can 
be as short as 0.2 ms. This efficient excitation-secretion 
coupling appears to depend on neuron-specific proteins in 
the presynaptic terminal. Among various synaptic vesicle- 
associated proteins, synaptotagmin I has attracted much 
attention for its potential role in regulating vesicle exo- 
cytosis. Since synaptotagmin can interact directly with 
Ca 2+ and phospholipids (Perin et al., 1990; Brose et al., 
1992) and bind the plasma membrane protein syntaxin, 
which is itself associated with Ca 2+ channels (Bennett et 
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ai., 1992; Yoshida et al., 1992), it has been proposed that 
synaptotagmin might be a Ca 2÷ sensor for exocytosis of 
synaptic vesicles. The potential importance of synaptotag- 
rain I is fu rther indicated by studies of the transmitlEer secre- 
tion in cells defective in synaptotagmin genes. In Drosoph- 
ila rnelanogaster mutants lacking normal synaptotagmin, 
depolarization-evoked transmitter elease is reduced, but 
spontaneous transmitter elease is elevated (Littleton et 
al., 1993; DiAntonio and Schwarz, 1994). Hippocampal 
neurons cultured from homozygous mutant mice showed 
severe impairment of evoked transmitter elease, which 
depends on a high [Ca2+]i, while spontaneous transmitter 
secretion was unaffected (Geppert et al., 1994). Injection 
of a peptide corresponding to the cytoplasmic domain of 
synaptotagmin into the presynaptic terminal of the squid 
giant synapse led to an inhibition of evoked secretion and 
an increased n umber of docked vesicles at the active zone 
(Bommert et al., 1993). Together, these results from vari- 
ous systems have suggested inhibitory effects of synapto- 
tagmin in spontaneous transmitter elease and/or facilita- 
tory effects on depolarization-evoked vesicular exocytosis 
(Bennett and Scheller, 1993; Popov and Poo, 1993; DeBel- 
Io et al., 1993). Complementary or compensatory functions 
of different isoforms of synaptotagmin (UIIrich et al., 1994) 
may complicate the interpretation of these in vivo results. 
Synaptotagmin I was shown in vitro to bind to a stable 
prefusion complex consisting of the plasma membrane 
protein syntaxin, a vesicle membrane receptor (VAMP) for 
soluble N-ethylmaleimide-sensitive factor (NSF) attach- 
ment protein (SNAP), and a plasma membrane protein, 
SNAP-25. Synaptotagmin I is displaced by SNAP from 
the complex, allowing NSF to bind to the complex. It was 
proposed (SSllner et al., 1993) that NSF-dependent hydro- 
lysis of ATP dissociates the complex and initiates vesicle 
fusion with the plasma membrane. In the inhibitor model 
(Popov and Poo, 1993), synaptotagmin operates as a bar- 
rier for vesicle fusion. Removal of synaptotagmin I, pre- 
sumably induced by Ca 2+ influx, would allow rapid exo- 
cytosis of vesicles. 
One approach to elucidating the function of a synapse- 
specific protein in transmitter elease is to examine how 
the protein affects the exocytosis of vesicles associated 
with the recycling of endocytic membrane, a constitutive 
pathway from which synaptic vesicles apparently originate 
(Kelly, 1991,1993). In this study, we have found that spon- 
taneous and depolarization-evoked acetylcholine (ACh) 
release can be measured electrophysiologicalty from Chi- 
nese hamster ovary (CHO) fibrobtasts after endocytic up- 
take of ACh, using a cultured Xenopus laevis myocyte as 
a detector. The effect of synaptotagmin I in modulating 
the exocytosis of recycling vesicles was examined by com- 
paring the transmitter release from CHO fibroblasts 
transfected with cDNA for rat synaptotagmin I with that 
from control fibrobtasts. Our results are consistent with the 
model that synaptotagmin functions as a Ca2+-dependent 
inhibitory modulator of vesicular exocytosis. 
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Results 
ACh Release from the Fibroblast 
CHO fibroblasts were incubated in culture medium con- 
taining 40 mM ACh for 10 min to allow endocytic uptake 
of ACh. The cells were then washed with fresh culture 
medium, and a Xenopus myocyte was manipulated into 
contact with the fibroblast (Figure 1A). For control cells, 
CHO fibroblasts transfected with empty vector (pEEl4) 
were used. Whole-cell recording from the myocyte was 
done within about 5 min after the termination of ACh incu- 
bation. Current events resembling miniature excitatory 
postsynaptic urrents (mEPSCs) were observed immedi- 
ately after the onset of recording (Figure 1 B). These events 
were abolished by bath application of 0.5 mM d-tubo- 
curarine, an antagonist for ACh channels in the myocyte 
(Figure 1C), suggesting that they are due to spontaneous 
release of ACh packets from the fibroblast. Since ACh was 
loaded into the endosomal compartment of the fibroblast, 
the observed quantal release most likely reflects exo- 
cytosis of endosome-derived vesicles. 
Ca2+-Dependent Spontaneous and 
Evoked ACh Release 
Extracellular application of ATP is known to raise the 
[Ca2+]~ in the fibroblast (Oiki et al., 1985). Bath application 
of ATP (0.3 mM) to CHO cells resulted in an increase in 
the frequency of spontaneous quantal ACh release (Figure 
1D), as detected by increased mEPSC-like events in the 
myocyte. Within the first 5 min after application of ATP, 
the frequency of mEPSC-like events was increased to 
179% _+ 24% (mean -*- SEM; n = 23)of the pretreatment 
value. 
Secretion of ACh from fibroblasts was also triggered by 
a brief depolarization of the fibroblast membrane. In these 
experiments, fibroblasts were first incubated in ACh- 
containing medium for 3 hr. The cells were then washed 
with fresh medium, detached from the culture substratum 
by brief treatment with an EDTA-trypsin solution, and ma- 
nipulated into contact with an isolated myocyte (Figure 
2A). Whole-cell recordings were made from the fibroblast 
in current-clamp configuration, and 5 ms square-current 
pulses were injected into the fibroblast to depolarize the 
membrane by about 150 mV. The depolarization often elic- 
its a pulse of ACh release from the fibroblast, as revealed 
by the appearance of inward current events resembling 
EPSCs in the myocyte in contact with the fibroblast (Figure 
2B). When the recording was done 15-30 min after the 
termination of the ACh incubation, the average success 
rate of evoking EPSC-like events for a train of 20 depolar- 
izations (at 0.25 Hz) was about 20% (range = 100%-0%; 
also see Table 1). Prolonged repetitive depolarizations of 
the fibroblast resulted in increasing failure and eventual 
disappearance of the evoked ACh secretion, suggesting 
limited availability of ACh-containing vesicles. The exis- 
tence of voltage-dependent Ca 2÷ channels in cultured fi- 
broblasts has been shown previously (Chen et al., 1988). 
Influx of Ca 2+ through these channels is likely to be respon- 
sible for triggering the ACh secretion, since addition of 1 
mM Co 2÷ in the extracellular medium abolished EPSC-like 
events in all cases tested (n = 7; Figure 2C). Moreover, 
the intracellular loading of 5 mM BAPTA, a Ca 2÷ buffer 
with rapid kinetics, into the fibroblast greatly increased the 
failure rate of depolarization-evoked ACh secretion (see 
Table 1). 
Effect of Synaptotagmin I on Spontaneous 
ACh Release 
We have compared the spontaneous ACh secretion from 
CHO fibroblasts transfected with cDNA encoding synapto- 
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Figure 1. Quantal Release of ACh from Chi- 
nese Hamster Ovary Fibroblasts 
(A) Microscopic image of a Xenopus myocyte 
(M) manipulated into contact with a CHO fibre- 
blast (F). Bar, 15 p.m. 
(B) An example of membrane currents re- 
corded from a myocyte in contact with a CHO 
cell. The fibroblast was incubated with medium 
containing 40 mM ACh for 10 min, and a whole- 
cell voltage-clamped myocyte (Vc = -70 mV) 
was manipulated into contact with the fibre- 
blast in ACh-free medium. The continuous 
trace represents myocyte membrane current 
(filtered at 150 Hz). Downward eflections are 
spontaneous mEPSC-like inward currents. 
Samples of current events recorded over the 
period marked by the horizontal bar are shown 
below at a higher time r solution (filtered at 2.5 
kHz). Bars, 50 pA and 1 min (top), 100 pA and 
20 ms (bottom). 
(C) Effect of bath application of d-tubucurarine 
(final concentration of0.5 mM). 
(D) Effect of bath application of ATP (final con- 
centration of 0.3 mM). 
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Figure 2. Depolarization-Evoked ACh Secretion from Fibrobtasts 
Loaded with ACh in the Endosomal Compartment 
(A) Microscopic image of a myocyte (M) in contact with a fibroblast 
(F). Whole-cell recordings were made simultaneously from both cells. 
Bar, 15 p.m. 
(B) Samples of EPSC-like membrane currents recorded in the myocyte 
in contact with the fibroblast. The myocyte was voltage-clamped at 
the resting membrane potential (-70 mV). The fibroblast was under 
current clamp, and square-current pulses were injected into the cell 
to depolarize the fibroblast membrane by about 150 mV (upper trace). 
EPSC-like currents induced by 5 consecutive depolarizations are 
shown, including 2 failures. Bars, 200 pA and 10 ms (lower traces), 
180 mV and 10 ms (upper trace). 
(C) Effect of extracellular application of Co 2+. Traces shown are 4 con- 
secutive samples of depolarization-induced EPSC-like events from a 
fibroblast-contacted myocyte immediately before and after addition of 
1 mM Co 2+ into the culture medium. 
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Figure 3. Effect of Synaptotagmin I on the Frequency and Mean Am- 
plitude of mEPSC-like Current Events 
Whole-cell recordings from myocytes began 5 min after the termination 
of ACh incubation. During the first 5 rain of recording, all events were 
counted and the amplitude was measured. Scatter plots show all data 
points; averages are shown by the histograms on the right. Lateral 
displacement of the points is for clarity only (error bars indicate SEM).
The frequency (A) was significantly different between the two cell types 
(p < .0004), while the amplitude (B) was unchanged. 
tagmin I (Feany and Buckley, 1993; Feany et al., 1993) 
with that observed for control CHO cells transfected with 
empty vector (pEEl4) alone. The mean frequency of the 
mEPSC-like events 5-10 rain after the end of ACh incuba- 
tion was significantly reduced in synaptotagmin I-express- 
ing (syt +) cells (Figure 3A) as compared with that of control 
cells (p < .0004, Student's t test). In contrast, the mean 
amplitude of the current events was unchanged (p > .05; 
Figure 3B). The rise and decay times of the events were 
also unchanged (data not shown). 
When ATP (0.3 mM) was added to the bath, spontane- 
ous ACh release was greatly increased in syt ÷ cells. The 
ATP-induced frequency increment was much higher for 
syt ÷ cells than control cells (Figure 4). Within the first 5 
min after application of ATP, the frequency of mEPSC-like 
events was increased to 467% 4- 60% (mean 4- SEM; 
n = 23) of the pretreatment value, significantly higher than 
that of the control cells (p < .0001, t test; Figure 4C). Inter- 
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Figure 4. Effect of ATP on Spontaneous Quantal ACh Release from 
Control and syt ÷ Cells 
(A and B) Mean frequency of ACh secretion from control (A) and syt + 
(B) cells before and after addition of ATP. Scatter plots show all data 
points; averages are shown by the histograms on the right (error bars 
indicate SEM). No significant difference between the average values 
was found (p > .05, t test) for the control cells before and after the ATP 
treatment, although a number of individual cells showed an increased 
frequency of secretion events (see [C]). No difference (p > .05) was 
found between the average frequencies for the control and syt + cells 
after the ATP treatment. 
(C) ATP-induced frequency increment. The ratio of mean frequency 
after ATP addition to that before the treatment was calculated for each 
cell. A significantly higher extent of frequency increase was found for 
syt ÷ cells than for control cells (p < .0001, t test). 
estingly, although the effect of ATP in elevating ACh secre- 
tion was much more prominent han that observed for con- 
trol cells, the average secretion frequency after ATP 
treatment was not significantly different between the two 
cell types. The higher ATP effect was not due to a higher 
elevation of [Ca2+]~ in the syt ÷ cells. The average resting 
level and ATP-induced changes in [Ca2+]~, as assayed by 
Fura 2 fluorescence imaging (Grynkiewicz et al., 1985; 
Connor, 1993), were nearly identical in both cell types 
(Figure 5). These results suggest that synaptotagmin I in- 
hibits exocytosis at resting [Ca2+]~ and that [Ca2+]~ elevation 
results in the removal of inhibition. 
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Figure 5. Changes in [Ca~+]j after ATP Application 
[Ca2+]~ was measured using Fura 2 imaging (Grynkiewicz et al., 1985; 
Connor, 1993). The resting [Ca2÷]~ was 0.38 _ 0.006 ~,M (mean _+ 
SEM; n = 54) and 0.378 - 0.008 ~M (n = 51) in syt ÷ and control 
cells, respectively. Each data point after ATP application (0.3 mM at 
the time marked by the arrow) represents the average value of [Ca2+]~ 
measured from at least 7 different cells. 
For depolarization-evoked EPSC-like currents, syt ÷ cells 
exhibited a significantly lower failure rate than control cells 
(p < .01, t test; Table 1). For the detectable EPSC-like 
currents, the mean amplitude was also higher in syt + cells 
than in control cells (p < .02, t test; Table 1). The delay 
of onset, rise time, and decay time of the secretion events 
were all unchanged (Table 1). Together, these results sug- 
gest a higher probability of Ca2+-evoked exocytosis and/ 
or a higher availabil ity of vesicles in syt ÷ cells. 
Effect of Synaptotagmin I on Endocytic Recycling 
The effects of synaptotagmin I on endocytic recycling were 
examined by independent biochemical and ultrastructural 
assays, using an endocytic tracer horseradish peroxidase 
(HRP). Enzymatic activity of HRP was measured after in- 
cubation of CHO cells with HRP for different durations. 
Accumulation of HRP was roughly linear during the first 
10 rain of incubation, consistent with a previous report 
(Adams et al., 1982). Whereas the initial rates of HRP 
accumulation were not significantly different, syt ÷ cells 
showed higher levels of HRP accumulation than control 
cells after 10 rain of incubation (Figure 6A). The higher 
level of H RP in syt ÷ cells was likely the result of an inhibition 
of vesicular release of HRP rather than the result of in- 
creased HRP uptake, as suggested by the reduced spon- 
taneous quantal ACh release from these cells. Moreover, 
the initial rate of loss of cell-associated HRP activity was 
lower in syt ÷ cells (Figure 6A), consistent with a reduced 
frequency of ACh secretion. Treatment with ATP also in- 
creased the loss of HRP from these CHO cells (Figure 
6B). After 15 min of ATP treatment, the total amount of 
HRP lost from the cells increased by 48% in control cells 
and 200% in syt ÷ cells. In view of the higher HRP accumu- 
lation in syt ÷ cells described above, these results suggest 
that synaptotagmin I had inhibited exocytosis prior to the 
ATP treatment, and more endosome-derived vesicles 
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Table 1. Summary of Evoked Release from Fibroblasts 
Control syt + 
Amplitude (pA) 130 _+ 15 (n = 17) 
Rise time (ms) 4.6 ± 0.3 (n = 17) 
Decay time (ms) 9.5 ± 0.9 (n = 17) 
Delay of onset (ms) 3.6 -*- 0.2 (n = 17) 
Failure rate 80% _+ 6% (n = 20) 
Failure rate (BAPTA) 100% (n = 10) 
189 _+ 18 ~ (n = 17) 
5.0 _ 0.5 (n = 17) 
8.0 - 0.6 (n = 17) 
3.1 ___ 0.2 (n = 17) 
54% ± 7% a (n = 22) 
92o/o _+ 4% (n = 9) 
The amplitude, rise time, decay time, and delay of onset of EPSC-like events detected in myocytes manipulated into contact with fibroblasts. The 
mean value for each cell was determined before averaging. The failure rate of evoking EPSC-like events (for 20 depolarization stimuli applied at 
0.25 Hz) includes cells showing 100% failure. 
a Values significantly different from controls (p < .02, Student's t test). 
were available for exocytosis in syt ÷ cells upon Ca 2÷ eleva- 
tion. Since constitutive endocytosis did not seem to be 
reduced concomitantly with the reduced exocytosis in the 
endocytic recycling pathway, an alternative supply of 
membrane through pathways unaffected by synaptotag- 
rain transfection may compensate for reduced recycling 
of the endosomal membrane. 
Electron microscopic observations also showed local- 
ization of HRP to vesicular structures and increased accu- 
mulation of these vesicles in syt ÷ cells (Figure 7). The aver- 
age number of small HRP + vesicles (cross-sectional area 
< 0.1 i~m 2) in syt + cells was 0.09 _+ 0.02/#m 2 (mean _+ 
SEM; n = 7 cells), which was higher than that of control 
cells (0.05 _+ 0.02/l~m2; n = 7; p < .02, t test). In contrast, 
no difference was found for the number of larger endoso- 
mal compartments (cross-sectional area > 0.1 i~m2). The 
average number was 0.02 _ 0.01 /#m 2 (n = 7) for both 
cell types. Although we cannot ascertain whether HRP 
vesicles observed in these studies are endo- or exocytic 
vesicles, they are clearly derived from the endosomal path- 
way. Our choice of 0.1 t~m 2 for separating small and large 
endosomal structure was arbitrary. It is consistent, how- 
ever, with the model that vesicles with a diameter of <200 
nm (or a cross-sectional area of <0.1 #m 2) are likely to 
be derived from early endosome and are destined to be 
exocytosed (Steinman et al., 1983). 
Discussion 
We have found that the spontaneous quantal release of 
ACh was detected after endocytic uptake of ACh, using 
a muscle cell as a detector. This ACh release appears 
to occur through a membrane recycling pathway. Similar 
quantal release of exogenous ACh has been observed 
from cultured myocytes (Dan and Poo, 1992) and fibro- 
blasts (Girod et al., 1995) after intracellular injection of 
ACh, but it is unclear in these previous studies whether 
endocytic recycling compartments are involved in the exo- 
cytosis of ACh. 
It is quite surprising that spontaneous ACh release was 
increased by the elevation of [Ca2+]~. This suggests that 
recycling of endosomal membrane, a pathway known to 
be constitutively active, can be up-regulated by elevating 
[Ca2+]i. The presence of active recycling activity in the rest- 
ing state of the fibroblast suggests that the resting [Ca2+]~ 
is sufficient for exocytosis to occur. The increased rate of 
exocytosis may be induced by a higher [Ca2+]~, although 
it remains unclear which step(s) of the recycling pathway 
of endosomal membranes is sensitive to Ca 2+. Constitutive 
vesicular trafficking between the endoplasmic reticulum 
and Golgi apparatus has also been shown to require cyto- 
plasmic Ca 2+ (Beckers and Balch, 1989). 
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Figure 6. Accumulation and Release of HRP from CHO Fibrobtasts 
(A) Accumulations of HRP for 10 min, followed by loss of HRP for 30 
min in control (circles) and syt ÷ (squares) cells. The total amount of 
HRP in the cell was determined immediately following termination of 
1, 3, 5, and 10 min incubations of HRP, or after 5, 15, and 30 min 
incubations following the termination of a 10 min incubation with HRP. 
HRP incubation was terminated by diluting incubation medium 100 
times with fresh medium. 
(B) Normalized amount of total HRP in control (circles) and syt' 
(squares) ceils in the absence (open) and presence (closed) of 0.3 
mM ATP. The total amount of HRP in the cells at various times after 
termination of HRP was normalized to the amount of HRP present 
immediately after a 10 min incubation with HRP. 
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Figure 7. Electron Microscopic Images of the HRP + Vesicles in the 
Fibroblast 
Representative electron micrographs of control (A) and syt ÷ (B) cells 
after incubation with HRP for 10 rain. Arrows, HRP ÷ endosomes; arrow- 
beads, HRP ÷ small vesicular structures. Bar, 1 p.m. 
The existence of Ca2+-dependent constitutive exo- 
cytosis is best illustrated by the depolarization-evoked re-
lease of ACh from the endosomal compartment. Com- 
pared with the regulated transmitter secretion from 
presynaptic nerve terminals of the neuromuscular junc- 
tion, the delay of onset of EPSC-like events detected by 
the myocyte in contact with the fibroblasts was slower 
than, but surprisingly close to, that found at developing 
neuromuscular synapses in culture (Evers et al., 1989). 
The slower onset of secretion and higher failure rate of 
evoked responses in these fibroblasts may result from the 
absence of neuron-specific proteins, such as those in- 
volved in vesicle docking at the plasma membrane, or 
from a low density of voltage-dependent Ca 2+channels, 
as compared with that in the presynaptic nerve terminal. 
Recycling of endocytic membrane is a common feature 
of all eukaryotic cells. Neuroendocrine cells apparently 
use this pathway for recycling of the membrane of synaptic 
vesicles after their exocytosis, a process that depends 
on the sorting of specific proteins into a subpopulation of 
recycling vesicles for use in transmitter secretion. Thus, 
it is a reasonable approach to examine how addition of 
neuron-specific proteins to the endocytic pathway modi- 
fies the characteristics of vesicle recycling and how it en- 
ables an efficient excitation-secretion coupling. We have 
examined the effect of synaptotagmin I on the recycling 
of the membrane compartments in fibroblasts. We found 
that synaptotagmin I inhibits the spontaneous release of 
endocytic recycling vesicles, and this inhibition was re- 
moved by elevating Ca 2+. Moreover, we showed that such 
inhibition in syt ÷ cells actually results in an increased am- 
plitude and reduced failure rate of depolarization-evoked 
release. 
In a previous study (Feany et al., 1993), the localization 
of expressed synaptotagmin I in these syt + cells was exam- 
ined by immunogold labeling with an antibody against the 
luminal domain of synaptotagmin I. The cells were incu- 
bated with the antibody at 4°C and warmed to 37°C for 
1 hr prior to the observation. Synaptotagmin I was found to 
be present in the plasmalemma s well as in endocytically 
derived vesicles. Whether the modulatory effect of synap- 
totagmin I on the secretion can be attributed to the pres- 
ence of the protein in the plasmalemma nd/or endosome- 
derived vesicles remains to be determined. Besides its 
potential role in exocytosis as a vesicular protein, synapto- 
tagmin I could perform other regulatory functions in the 
plasmalemma fter vesicle fusion, as suggested by the 
binding of synaptotagmin I to AP-2, an adaptor complex 
in clathrin-coated pits (Zhang et al., 1994). 
Although synaptotagmin I binds Ca 2+ and phospholipids 
in vitro (Perin et al., 1990; Brose et al., 1992), it is appar- 
ently not the only Ca 2+ sensor involved in vesicular exo- 
cytosis. Evoked transmitter secretion of reduced ampli- 
tude and Ca 2÷ sensitivity persisted in Drosophila mutants 
(Littleton et al., 1993; DiAntonio and Schwarz, 1994) and 
homozygous mutant mice (Geppert et al., 1994), sug- 
gesting involvement of other Ca2%dependent proteins in 
the fusion process. As shown in the present study, control 
fibroblasts also exhibited Ca2÷-dependent vesicular exo- 
cytosis. The addition of synaptotagmin I appears to in- 
crease the Ca2+-dependent effects. Reduced evoked 
transmitter secretion in synaptotagmin-deficient mutants 
has suggested that it plays a facilitatory role in the fusion 
process. However, increased efficiency of Ca2+-depen - 
dent secretion can occur even if synaptotagmin plays only 
an inhibitory role in exocytosis. In this study we found a 
reduced failure rate, an increased amplitude of depolariza- 
tion-evoked ACh release, and an increased number of en- 
docytotic vesicles in syt ÷ cells. Inhibiting exocytosis at the 
resting [Ca2÷]~ may result in an increased number of avail- 
able vesicles for secretion after the r moval of inhibition 
upon elevation of the [Ca2+]i. 
In conclusion, the present study illustrates a useful ap- 
proach to study the transmitter elease mechanism and 
provides direct experimental evidence that synaptotagmin 
I may function as an inhibitory modulator in Ca2÷-depen - 
dent transmitter secretion. Stepwise introduction of exog- 
enous synaptic proteins into fibroblasts may lead to the 
assembly of a secretory machinery of efficient excitation- 
secretion coupling and help to elucidate the functional 
roles of various proteins in the exocytotic process. 
Experimental Procedures 
Cell Culture 
Cultured Xenopus myocytes were prepared according to previously 
reported methods (Spitzer and Lamborghini, 1976). The myocytes 
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were plated on petri dishes and used for experiments after 1-2 days 
of incubation at 22°C. CHO-K1 cells (ATCC) were transfected with 
cDNA encoding rat brain synaptotagmin I and with empty vector 
(pEEl4) as previously described (Feany and Buckley, 1993; Feany et 
al., 1993). Fibroblasts were plated on 24 x 40 mm glass coverslips 
and used 1-3 days after plating. 
Electrophysiology 
Fibroblasts were incubated with minimum essential medium (MEM, 
GIBCO, Gaithersburg, MD) containing 40 mM ACh at 37°C for 10 
rain. After extensive washing of fibroblasts, Xenopus myocytes were 
manipulated into contact with fibroblasts for the release assay by a 
micropipette. Gigaohm-seal whole-cell recordings from manipulated 
muscle cells were performed as described previously (Hamill et al., 
1981). All recordings were clone at room temperature (25°C). The 
membrane currents were monitored by a patch-clamp amplifier (EPC- 
7). The data were digitized and stored on a videotape for later playback 
on an oscillographic hart recorder (Gould RS3200) and analyzed with 
the SCAN program (kindly provided by Dr. J. Dempster, Strathclyde 
University, U. K.). For the measurement of depolarization-evoked ACh 
release, fibroblasts grown on the petri dish were incubated with 100 
mM ACh at 37°C for 3 hr. After extensive washing, fibroblasts were 
detached from the culture dish using trypsin-EDTA solution (GIBCO). 
The suspension of the fibroblasts was added to the cultured Xenopus 
muscle cells. For depolarization of fibroblasts, gigaohm-seal whole-cell 
recording was done from fibroblasts. The internal solution in the re- 
cording pipette for fibroblasts contained 0.155 M K-gluconate, 1 mM 
Na-gluconate, 1 mM MgCI2, and 10 mM HEPES (pH 7.2). BAPTA (5 
mM; Sigma, St. Louis, MO) was loaded into the fibroblast hrough the 
whole-cell recording pipette, which was filled with the above internal 
solution. The current from the fibroblast was monitored using a patch- 
clamp amplifier (Axopatch-1 D) in current-clamp mode. 
HRP Measurements of Endocytic Recycling 
The accumulation and loss of HRP were measured as described pre- 
viously (Adams et al., 1982; Davoust et al., 1987). Briefly, the cells 
grown on coverslips were incubated for various times at 37°C in me- 
dium containing 5 mg/ml HRP. For examining the loss of HRP, cells 
were quickly diluted 100-fold with fresh culture medium after a 10 min 
incubation with HRP and incubated at 37°C for various periods. The 
cells were washed 6 times immediately after the incubation or after 
dilution for various durations with ice-cold NKM solution (0.13 M NaCI, 
5 mM KCI, 1 mM MgCI=). After being washed, the coverslips were 
quickly drained by inversion onto an absorbant paper. The cells were 
then extracted for 5 min with 500 ILl of 0.1% Triton X-100. The HRP 
activity was normalized to the total amount of the protein in the extract, 
as determined by a Bio-Rad protein assay. For electron microscopy, 
cells grown in the petri dish (50 x 9 mm) were incubated for 10 rain 
in MEM with 5 mg/ml HRP. The cells were then washed 3 times at 
4°C with NKM solution, fixed with 2°/0 glutaraldehyde in 0.1 M cacodyl- 
ate buffer (pH 7.2) at 25°C for 30 min, washed again, and incubated 
with diaminobenzidine as a substrate for cytochemical localization of 
peroxidase activity. Conventional transmission electron microscopy 
was clone using J EM-1200 EX (Jeol Ltd., Tokyo, Japan). For counting 
the number of vesicles in micrographs, we measured the area of the 
cell in the 100 nm thick sections using a Scan program (Jandel Scien- 
tific) and counted the number of vesicles per unit area. The values 
obtained were the averages of 2-3 sections for each cell; a total of 7 
cells were analyzed in both control and syt ÷ cells. 
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